Miscellaneous Notes on PNW-FIA Site Indexes
Forest mensurationists develop site index equations through fieldwork and analysis of data. First, they establish research plots in stands of a particular tree species covering a range of site conditions. They select representative dominant or codominant trees and measure their heights, ages, and diameters. Site index curves are constructed by using the tree heights at a base age, typically 50 or 100 years in the West, usually for trees in even-aged stands. An equation is derived from the curves to estimate the site index when an individual tree's age is not the same as the base age. Site index equations are developed either by following a stand through time (King 1966) or comparing several stands of different ages at a single point in time (McArdle and others 1961) .
Site index can help predict timber productivity, wood volume, and potential rate of growth of a forest. Forest managers use the site index to evaluate the quality of their land.
For PNW-FIA, the site index was used primarily as input to the mean annual increment (MAI) equations, which in turn were used to develop the site classes: six classes of volume growth per acre at culmination in fully stocked natural stands. The area was reported by site class in a table, "Area of timberland, by cubic-foot site class and owner class," in resource bulletins for each inventory (see Waddell and Bassett 1997 for an example). Another use was to separate "timberland" plots from "other forest-low productivity" plots (formerly called "noncommercial unproductive forest land"), based on whether the site can produce 20 cubic feet • acre -1 • year -1 . The PNW-FIA also used the site index to calculate annual squared diameter growth if the previous diameter was unavailable (to obtain annual volume growth), and to calculate projected and estimated tree heights (to obtain missing growth components). Other researchers used the PNW-FIA site index of plots for growth predictions.
Some equations may have limitations owing to the method used to construct the site index curve or equation. Discussion of the different methods, and a summary of the modeling approach and number of trees sampled in most of these cited sources, can be found in Hann (1995) .
Mixed conifer-Large areas of California forests had no main softwood tree species as the forest type, but instead were classified as mixed conifer. The PNW-FIA defined a mixed-conifer site as one within a certain region and capable of greater than 70 percent conifer stocking, and that had certain tree species predominating. In general, these plots had some mix of ponderosa pine, Jeffrey pine, sugar pine, Douglas-fir, red fir, Shasta red fir, incense cedar, and white fir (see app. 1 "Names of Trees" for scientific names). Mixed-conifer types grow on the east-facing slopes of the Coast Range, on the west-facing and higher elevation east-facing slopes of the Cascade Range and Sierra Nevada, and can extend into southern California.
Black cottonwood-No site index equation was available for black cottonwood, so a site index value for use in MAI equations and stocking values was developed in-house by using data from plots in cottonwood stands.
• King selection method for PNW-FIA: If the stand was over 30 years old, locate an area no greater than a 130-foot-diameter circle that contains 25 mainstand trees, not younger or shorter than the general canopy. From the 25 trees, select the 5 with the greatest diameter at breast height. If the stand is aged 15 to 30 years old, select the 10 with the largest diameter out of 50 trees. King's is only used in stands less than 130 years old and below 3,000 feet in elevation.
Dunning's site index conversion-The PNW-FIA used Dunning's site index for mixed-conifer plots in California. Other site index values used by PNW-FIA needed to be converted to Dunning's site index so they could be used as a variable in the plant stockability factor equations (see MAI section below). The following conversion equations were used if the site index taken for the plot was not Dunning's: where: DSI = Dunning's site index, and SI = site index in feet.
Site index equations
Equations from other regions-Some equations were developed outside of the PNW-FIA region, such as site index equation no. 6 for Engelmann spruce in the northern and central Rocky Mountains (Brickell 1966) . Because no similar site equation existed for Oregon or Washington, it was used for Engelmann spruce in this region.
Site trees were selected and measured on every forest land plot (10 percent or more stocked by trees), and when possible on "western woodland types" forest (5 percent or more stocked by juniper or other nontimber species). Since 1991, PNW-FIA mapped and collected plot data based on the "condition class" encountered on the plots. Although this sometimes resulted in more than one forested condition class on a single plot, site trees were collected across the plot, and only one site index was assigned to the plot. It was not believed that site varied over the area of the plot. On western woodland types, data from at least one were collected (if the species was juniper). When a crew revisited a plot, they measured one new site tree, and sometimes remeasured the previous site trees if they were in the lower age range, and a new site index was calculated for the plot.
A good site tree was a tree that was classified as a dominant within the stand (unless King's was used, which took the five with largest diameter), had never been suppressed, and had a normally formed top. The species should represent the forest within the sampled condition, with the preferred site species in western Oregon, western Washington, and northwestern California being Douglas-fir. Trees aged 50 years and older (King's method: 30 years) were desirable, but it was not always possible to obtain them, and younger trees could be measured. In California, the species and site equation also were determined by whether the plot was in the mixed-conifer type, which depended on the county, elevation, and percentage of conifer stocking of the stand. where SI = site index in feet for breast-height age 50 years, and a = breast-height age.
6 where SI = site index in feet for breast-height age 50 years, and A = breast-height age, 4. Noble fir, Shasta red fir in Oregon, subalpine fir, white fir, Pacific silver fir, and mountain hemlock (Herman and others 1978) .
Note: For California, when white fir was found in mixed-conifer stands, the mixedconifer site index equation was used.
a. For site trees 100 years or less:
where SI = site index in feet for breast-height age 100 years, and A = breast-height age.
b. For site trees > 100 years:
where SI = site index in feet for breast-height age of 100 years, and A = breast-height age. where SI = site index in feet for breast-height age 50 years, and A = breast-height age.
Engelmann spruce (Brickell 1966).
where SI = site index in feet for total age 50 years, and A = total age.
8
[(H -4.5) (0.1394 + 0.0137A + 0.00007A
2 )] SI = 2500 where SI = site index in feet for breast-height age 100 years, and A = breast-height age.
-------------------------Feet -------------------------
b. For ponderosa pine over 130 years old, we used the equation below, which approximates the site curves in Meyer (1961) .
where SI = site index in feet at breast-height age 100 years, and A = breast-height age.
9. Lodgepole pine in western Oregon, eastern Oregon, western Washington, eastern Washington, and California; and western white pine in western Oregon and California (Dahms 1975 ).
Site index was approximated from the equation:
where SI = site index in feet at breast-height age 100 years, and A = breast-height age. where SI = site index in feet for breast-height age 50 years, and A = breast-height age.
14. Douglas-fir, grand fir, and white fir in eastern Oregon and eastern Washington. Douglas-fir in silver fir zone in western Washington (Curtis and others 1974). Silver fir zone had a plant association where the first two characters were CF or CM and the elevation was over 1000 meters.
a. Breast-height age 100 years or less: These equations replaced Cochran (1985) equations for the same areas and species beginning in 1990.
where SI = site index in feet for breast-height age 50 years, and A = breast-height age.
16. Mixed conifer in California for all stands coded as mixed conifer. Note that as originally developed and published, this equation used a base age of 50 years, total age, and total height. The equations below were modified to accept breast-height age, the variable that our inventories normally measured.
Site species that could be used include: Douglas-fir, bigcone Douglas-fir, white fir, ponderosa pine, Jeffrey pine, Shasta red fir, red fir, and Coulter pine.
Site index equation derived from Dunning and Reineke (1933).
17. Red fir, Shasta red fir in California (Schumacher 1928) .
Note that as originally developed and published, this equation used a base age of 50 years, total age, and total height. The equations below were modified to accept breast-height age, the variable that our inventories normally measured.
Note: For California, when Shasta red fir and red fir were in mixed-conifer stands, the mixed-conifer site index equation was used.
Site index approximated by equation derived from Schumacher (1928):
where SI = site index in feet for breast-height age 50 years, and A = breast-height age. 
Mean Annual Increment
Foresters use MAI to describe the wood-growing capacity of a site, expressed by PNW-FIA as the average increase in cubic-foot volume per acre per year. As we used the term, it was defined as the increment (increase in volume) of a timber stand averaged over the period between age zero and the age at which MAI culminates, i.e., reaches its maximum value.
Mean annual increment equations, also called yield equations, were derived by PNW-FIA from yield data found in published normal yield tables. These normal yield studies were done for a particular species by taking tree measurements (diameter, height, and age, to determine individual tree volume) from many representative sample areas, and then computing basal area per acre, trees per acre, mean diameter, height and diameter of average tree, and volume. The result was a set of tables of growth and yield data representing a fully stocked stand.
The PNW-FIA bases the MAI equations on site index. This calculated MAI value is then modified by discount factors applicable to the plot or region.
Discount factors, also called weighted or stockability discount factors, were used by PNW-FIA when normal yield tables could overestimate productivity. This could happen if (1) the site would never be able to support normal stocking because of environmental factors such as poor soil types, yet the site index could imply normal productivity; (2) the resources of the site could support more trees than were present; or (3) when parts of the plot were nonstockable but still classed as forest land (rock outcroppings, small streams, etc.) and so appeared to be understocked. The PNW-FIA had two discount factors to adjust for this: plant stockability factor and nonstockable factor.
A discount factor of less than 1.0 indicated that the site was not capable of carrying normal levels of stocking as defined by the appropriate normal yield table.
Plant stockability factor was developed by PNW-FIA for use in regions where the potential stocking could vary widely owing to natural causes (MacLean and Bolsinger 1973) . The field crew recorded the presence of certain plant species, called stockability indicator plants, in western Oregon (Douglas, Jackson, and Josephine Counties only), and California (except the north coast and central coast areas). In eastern Oregon and eastern Washington, the Pacific Northwest Region Forest Service plant association/ecoclass code was collected based on local plant association manuals classifying the plants found on the site (Hall 1998 ). All other regions had the plant stockability factor set to 1.0.
These stockability indicator plants indicated soil moisture problems and toxic (serpentine) soils. The plant data were used with other environmental variables, such as elevation, to compute the plant stockability factor for these plots.
Nonstockable factor was the percentage of nonstockable land estimated by the field crew for each subplot on the plot. Small streams, ponds, compacted landings, bedrock, and rock outcroppings are examples of areas that can prevent full stocking. (Also called "nonforest inclusions" and "nonstockable nonforest percent"). This was subtracted from the total subplot area to obtain the percentage of the subplot that is capable of full stocking.
After the site index was calculated for the plot, the analyst selected the appropriate MAI equation based on the site species and geographic area (table 3) and calculated an unadjusted (unadjusted for discounts) MAI for each subplot in timberland. Then the nonstockable percentage was calculated and the plant stockability factor applied, if required. (This step also was called multiplying by the weighted plot discount factor). Finally, an adjusted MAI for the entire plot was made by averaging adjusted MAIs for all the subplots.
Since 1991, PNW-FIA mapped and collected plot data based on the "condition class" encountered on the plots. If there were two or more timberland condition classes, and only one had nonstockable area, then an MAI was calculated and reported for each condition class on the plot. If the nonstockable area occurred across the condition classes, the MAI was averaged over subplots as usual, and only one MAI was calculated and reported for the plot.
In forestry, the MAI is used in economic analyses and determinations of forest policy because it can be associated with value and rate of return on investment. At PNW-FIA, the MAI was primarily used to develop the site classes: six classes of volume growth per acre at culmination in fully stocked natural stands. The site classes were in a standard table in resource bulletins, "Area of timberland by owner and site class" (for example, Bolsinger and others 1997).
The PNW-FIA also used the MAI to divide plots between "timberland" and "other forest low productivity" (formerly called "noncommercial forest land"), based on whether the site could produce 20 cubic feet • acre -1 • year -1 .
The adjusted MAI (adjusted for the two discount factors) was the MAI reported for the plot in the FIA national database and the published tables.
The following equations express the yield in cubic feet per acre per year. MAI = mean annual increment, SI = site index for that species and area, EXP = natural exponent, and Ln = natural log. 9. White fir and grand fir in eastern Oregon and eastern Washington (Cochran 1979a). ( 8.24227 -23.53735 SI -0.4 ) .
MAI = EXP
10. Lodgepole pine and western white pine in eastern Oregon, western Washington, and California (Dahms 1964) .
11. Lodgepole pine in eastern Washington (Brickell 1970) .
12. Western larch in eastern Oregon (Cochran 1985) . 18. Mixed conifer in California (Dunning and Reineke 1933) .
19. Red fir, Shasta red fir in California, white fir in California (Schumacher 1928 Codominant-The tree's crown is part of the general level of the canopy; it receives full light from above but little light from the sides. Crown is usually medium sized and somewhat crowded by other trees.
Condition class-a mapped area on a plot with a distinct land class (for example, timberland, oak woodland, nonforest) or a distinctive vegetative condition (for example, forest type, stand size). The condition class identified at a plot center is the only condition class that is remeasured and used for the analysis of periodic change.
Discount factor-An element of the MAI equation applied if one or both of the two PNW-FIA discount factors (plant stockability factor and nonstockable factor) are present on the field plot. It is also called weighted or stockability discount factor. Dominant-The tree's crown extends above the general level of the canopy; it receives full light from above and some direct light from the sides (includes opengrown trees).
Forest land-A plot is established on the ground if the crew determines that the site meets the definition of "forest land." Forest land is land that is within the sampled area, is accessible, can be safely visited, and meets at least one of the following two criteria:
(1) is (or has been) at least 10 percent stocked with trees of any size as well as not subject to nonforest use that would prevent regeneration, such as mowing, grazing, or recreation; or (2) has western woodland types (tree species not treated as timber species by PNW-FIA) and has (or previously had) at least 5 percent crown cover by trees of any size, and is not subject to nonforest use. In the PNW-FIA National Core Field Guide (used in the annual inventory starting in 2000), "forest land" is one of six kinds of condition status, which delineate the condition classes, and is the only one on which plots are measured for the inventory.
Mainstand-The stand that is currently available for management for timber production. All trees that are not understory seedlings or saplings, or residual overstory.
Mixed conifer-The PNW-FIA classifies some areas of California forests as mixed conifer if there is no main softwood tree species as the forest type. A mixed-conifer site is capable of greater than 70 percent conifer stocking, occurs in certain counties, and is further defined by the predominance of certain tree species. In general, these plots have some mix of ponderosa pine, Jeffrey pine, sugar pine, Douglas-fir, red fir, Shasta red fir, incense cedar, and white fir.
Mixed-conifer types grow on the east-facing slopes of the Coast Range, on the westfacing and higher elevation east-facing slopes of the Cascade Range and Sierra Nevada, and can extend into southern California.
Other forest-low productivity-Forest land capable of growing crops of trees to industrial roundwood quality but not able to grow wood at the rate of 20 cubic feet • acre -1
• year -1 . Included are areas of low stocking potential or very low site index.
Glossary Metric Equivalents
Silver fir zone in western Washington-The area in western Washington where the first two digits of the Pacific Northwest Region Forest Service plant association/ecoclass code are CF (silver fir, noble fir) or CM (mountain hemlock) and the elevation is over 1000 meters (3,000 feet).
Suppressed-A suppressed tree is completely overtopped by other trees and not free to grow.
Timberland-Forest land that is potentially capable of producing at least 20 cubic feet•acre -1 •year -1 at culmination in fully stocked, natural stands of continuous crops of trees to industrial roundwood size and quality. Industrial roundwood requires species that grow to size and quality adequate to produce lumber and other manufactured products (excluding fence posts and fuel wood, which are not considered manufactured). Timberland is characterized as having no severe limitations on artificial or natural restocking with species capable of producing industrial roundwood. "Timberland" is one of three categories of ground land class; the other two are "other forest" and "nonforest."
Western woodland types-Tree species designated in the PNW-FIA National Core Field Guide (used in the annual inventory since 2000) as those species for which diameter is measured at root crown: juniper, pinyon pine, mountain mahogany, etc.
Yield-The volume of wood that may be contained in a particular type of forest stand. 1 foot = 0.3048 meter 1 acre = 0.405 hectare 1 cubic foot per acre = 0.07 cubic meter per hectare 
